Microphthalmia-associated transcription factor (MITF) is a key transcription factor in melanoma development and progression. MITF amplification and downregulation have been observed in a significant proportion of melanoma patients and correlate with clinical outcomes. Here, we have investigated the effect of MITF on melanoma chemokine expression and immune cell attraction. In B16F10 melanoma cells, MITF knockdown reduced expression of CXCL10, with concomitantly decreased attraction of immune cells and accelerated tumor outgrowth. Conversely, overexpression of MITF in YUMM1.1 melanoma cells also led to an increased immune cell attraction in vitro. Subcutaneous YUMM1.1 melanomas overexpressing MITF however showed a reduced immune infiltration of lymphocytes and an increased tumor growth. In human melanoma cell lines, silencing of MITF enhanced chemokine production and immune cell attraction, while overexpression of MITF led to lower immune cell attraction. In summary, our results show that MITF regulates chemokine expression in murine and in human melanoma cells, and affects in vivo immune cell attraction and tumor growth. These results reveal a functional relationship between MITF and immune cell infiltration, which may be exploited for cancer therapy.
Introduction
Microphthalmia-associated transcription factor (MITF) is a key transcriptional regulator of the melanocyte cell lineage. It is expressed in 80% of human melanomas and plays an important role in melanoma development and progression [1, 2] . MITF is known to regulate a diverse range of transcriptional targets including genes involved in cell cycle arrest, DNA repair, proliferation, survival, and apoptosis as well as cell differentiation [3] . Amplification of MITF is found in 15% to 20% of human metastatic melanomas and has been linked to poor survival [4] . Evidence for the role of changes in MITF levels in melanoma is contradictory. High expression of MITF was found in melanoma relapse after combined BRAF and MEK inhibitor therapy [5] . However, resistance to targeted therapy has also been associated with a decreased expression of MITF [6] . Low levels of MITF are associated with increased invasiveness of melanomas but also with cell senescence, whereas high levels result in differentiation [7] [8] [9] [10] [11] [12] [13] . These findings highlight a central regulatory role of MITF in melanoma cell phenotypic versatility and further underline the importance of understanding its dynamic regulation.
In the past decade, immunotherapy using checkpoint blocking antibodies has changed the treatment of advanced and metastasized melanoma patients [14] . Their effectiveness demonstrates the importance of the immune system in melanoma therapy. However, melanomas in a significant number of patients either do not respond to checkpoint inhibiting antibodies at all or relapse after initial tumor regression. Primary but also secondary treatment failure may result from a lack of effector T cells at the tumor site and is associated with a bad prognosis [15] . Tumors with low immune cell infiltration are frequently referred to as "cold tumors" as opposed to the immune cell-rich "hot tumors" typically responding well to checkpoint blockade. The origins of these different phenotypes are still poorly understood. There is a need for new therapeutic strategies, which convert poorly infiltrated tumors into "hot tumors" [16] .
So far, little is known about the effects of MITF on melanoma immune cell infiltration. It has recently been shown that MITF low melanomas display an increased response to exogenous TNF resulting in higher infiltration by CD14+ myeloid cells [17] . In addition, in melanoma cells exhibiting a state of senescence due to stable MITF knockdown, an increased expression of the chemokine CCL2 was described favoring proinvasive capacities of melanoma cells in an autocrine manner [12] . These studies suggest that MITF expression levels may affect the melanoma immune landscape. However, no detailed analyses of chemokine expression and immune cell infiltration in melanomas with different MITF expression levels have been performed so far.
In the present work, we investigated the effects of MITF knockdown as well as MITF overexpression in different murine and human melanoma models on chemokine expression and immune cell infiltration, in vitro and in vivo. We demonstrate that MITF downregulation and MITF upregulation result in changes in the chemokine expression profile on both RNA and protein levels. The differential chemokine expression patterns lead to altered immune cell migration towards tumor cells in vitro and correlated with accelerated tumor outgrowth in vivo in both conditions. Thus, our data suggest a role for MITF in regulating tumor immune cell infiltration.
Material and Methods
Mice, Cell Lines, and Animal Experiments C57BL/6 mice were purchased from Janvier (St. Berthevin, France) or Charles River (Wilmington, MA) and were 5 to 12 weeks of age. All animal studies were approved by the local regulatory agency (Regierung von Oberbayern). The human melanoma cell lines WM8 and WM35 and the murine B16F10 melanoma cell line were described previously [18] [19] [20] . The murine YUMM1.1 cell line [21] was kindly provided by Dr. Bosenberg (Yale University, USA). Cell lines were cultured in complete DMEM or RPMI medium (PAA Laboratories) and were routinely tested for mycoplasma contamination by MycoAlert Mycoplasma Detection Kit (LONZA). For in vivo tumor models, syngeneic tumor cells were injected subcutaneously into the flank of C57BL/6 mice. Mice were sacrificed after 10 to 30 days as indicated. For isolation of tumor-infiltrating lymphocytes, tumors were mechanically disrupted, incubated with 1 mg/ml collagenase and 0.05 mg/mL DNAse (both Sigma Aldrich), and passed through a cell strainer. Single-cell suspensions were directly analyzed or layered on a gradient of 44% Percoll (Biochrome, Berlin, Germany) and 67% Percoll prior to centrifugation at 800×g for 30 minutes.
Flow Cytometry
Multicolor flow cytometry was performed using a BD FACS Canto II or BD LSR Fortessa (BD Bioscience, Germany). Flow cytometry antibodies were purchased from Biolegend (San Diego, CA). Antihuman CD8 was purchased from ThermoFisher Scientific (Waltham, MA). The following antibodies were used: anti-human CD3 (OKT3), anti-human CD4 (OKT4), anti-human CD8 (OKT8), anti-human CD19 (HIB19), anti-human CD56 (5.1H11), antihuman CD11c (Bu15), anti-human CD14 (63D3), anti-mouse CD3 (17A2), anti-mouse CD4 (GK1.5), anti-mouse FOXP3 (MF-14), anti-mouse CD8 (52-6.7), anti-mouse B220 (RA3-6B2), anti-mouse NK1.1 (PK136), anti-mouse CD11c (N418), anti-mouse CD11b (M1/70), and Zombie Aqua Fixable Viability Kit.
siRNA Transfection siRNA against human and murine MITF has been previously published [22, 23] . For human siRNA knockdown of MITF, the MITF-specific sequence 5′-CUUGAUGAUCCGAUUCACC-d (TT)-3′ and the control sequence 5'CGU ACG CGG AAU ACU UCG A-3′ (LuciferaseGL2) were used. For murine siRNA knockdown, the sequence 5′-GGUGAAUCGGAUCAUCAAG-3′ (siMITF) and the control sequence 5′-UUCUCCgAACgUgUCACgUTT-3′ (siControl) were used. For transfection, a single pulse of 50 nM siRNA was administered to the cells at 50% to 70% confluency by transfection with 5 μl of Lipofectamine RNAiMAX in opti-MEM medium (both Invitrogen).
Chemokine ELISA
Chemokine protein levels in tumor cell supernatants were determined by R&D DuoSet ELISA for CCL2, CCL5, and CXCL10 (Mouse CCL2/JE/MCP-1, Mouse CCL5/RANTES, Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA, R&D Systems, Minneapolis, MN). Cell free culture supernatants of YUMM1.1 melanoma cells were collected after 48 hours of culture. Culture medium of B16F10 melanoma cells was changed 48 hours after MITF siRNA transfection, and cell free supernatants were collected after another 48 hours of culture and analyzed according to the manufacturer's protocol. Absorbance was measured at 470 nm using the Mithras-Reader (MikroWin program, version 4.41).
Chemokine Protein Arrays
Chemokine protein levels in tumor cell supernatants or tumor lysates were determined by R&D Proteome Profiler Human/ Mouse Chemokine Array Kits (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. For lysates, tumors were frozen in liquid nitrogen and mechanically pulverized. Organ powder was resolved in Bio-Rad Cell Lysis Buffer (Bio-Rad, Hercules, CA) and centrifuged at 13,000×g for 30 minutes. Supernatant was collected and stored at −80°C. Protein levels in organ lysates were quantified by Bradford protein assay (Protein Assay Kit, Bio-Rad, Hercules, CA).
Western Blot
For MITF protein levels, cells were lysed after 48 hours of culture using RIPA-Buffer (50 mM Tris/Cl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% Na-DOC, 0.1% Protease Inhibitor, pH 7.4). Protein concentration was quantified by Bradford protein assay (Protein Assay Kit, BioRad, Hercules, CA). The lysates were run on a 10% polyacrylamide gel. MITF was detected using anti-MITF (clone 
Semiquantitative Real-Time PCR
Chemokine mRNA in tumor cell lines and tumor lysates was quantified by real-time PCR. RNA from single cell suspensions or tumor lysates was extracted using Trizol Reagent (Life Technologies, Carlsbad, CA) and quantified with the NanoDrop instrument (ThermoFisher Scientific). Reverse transcription of RNA into cDNA was performed with the RevertAid First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). Chemokine cDNA copies were quantified by real-time PCR and were normalized to HPRT or GAPDH. Real-time PCR was performed with the LightCycler 480 instrument (Roche) using the LightCycler 480 Probes Master. Primers were designed with the Roche Universal ProbeLibrary Assay Design Center and used with the matching probes from the Universal ProbeLibrary Set (Roche, Basel, Switzerland). The primers used for qRT-PCR are listed in Table 1 .
In Vitro Migration Assay
Immune cell migration assays were performed using Corning Transwell Plates (3.0 μm pore size). Cell-free culture supernatants of human or murine melanoma cells were collected after 48 hours of culture and transferred into the lower chamber. A total of 10 6 freshly isolated human PBMCs or murine splenocytes were resuspended in T cell medium or in RPMI with 0.5% BSA, respectively, and loaded into the upper chamber of the Transwell plates. Migration was allowed for 6 hours at 37°C. After removing the Transwell inserts, cells in the lower chamber were analyzed by flow cytometry. Absolute numbers of migrated cells were calculated by addition of CountBright Absolute Counting Beads (LifeTechnologies).
Transduction of MITF
All constructs were generated by overlap extension PCR and recombinant expression cloning into the retroviral pMP71 vector, as follows: The retroviral vector pMP71 (kindly provided by C. Baum, Hannover) was used for transfection of the ecotropic packaging cell line Plat-E for transduction of murine cell line YUMM1.1 and the packaging cell line Plat-A for the human cell lines. Transduction protocols have been described in detail before [24] . In brief, the packaging cell lines Plat-E or Plat-A were transfected with an MITF-linker-GFP construct, where the linker 2A-sequence was noncleaving through deletion of two amino acids. This allowed to confirm nuclear expression of MITF by confocal microscopy. The produced retrovirus was used to transduce YUMM1.1-, WM8-, and WM35-cells. Transduction efficacy for MITF was controlled by qRT-PCR. The human MITF-M transcript variant 5 (Plasmid #38131, Addgene, Cambridge, MA) was used for transduction of both murine and human cell lines.
Statistics
Statistical analysis was performed with GraphPad Prism Software. Significance was analyzed with unpaired Student's t test or, for tumor growth, with two-way ANOVA with Bonferroni correction. Error bars indicate SEM.
Results

MITF Knockdown and Immune Cell Infiltration in Murine B16F10 Melanoma
MITF knockdown has been shown to affect secretion of defined cytokines and chemokines from melanoma cells [12, 17] . We performed siRNA-mediated knockdown of MITF on B16F10 melanoma cells ( Figure 1A) , which highly express MITF at baseline, and analyzed mRNA expression of C-C and C-X-C motif chemokines (Supplementary Figure 1A) . MITF knockdown was confirmed with Western blot (Supplementary Figure 1B) . Chemokine mRNA levels changed in B16F10 cells upon transfection with siRNA targeting MITF (siMITF) as compared to a siRNA control (siControl). CCL17, CCL25, and CXCL4 were upregulated in MITF knockdown B16F10 cells, whereas CCL5 and CXCL10, highly expressed at baseline levels, were significantly downregulated both on mRNA (Supplementary Figure 1A) and on protein level ( Figure 1B) . We next analyzed the effects of MITF knockdown on immune cell migration towards melanoma cells. In vitro, migration of various immune cell subtypes towards supernatants of siMITF-transfected B16F10 cells was reduced as compared to siControl-transfected cells ( Figure 1C ). In fact, reduction of CD8+ and CD4+ T cells, NK cells, B cells, and CD11c+ dendritic cells (DCs) was most pronounced. In vivo, siMITF-transfected B16F10 cells showed an accelerated growth rate as compared to control-transfected B16F10 cells ( Figure 1D Figure 1C) . Our in vitro results were further confirmed by analyzing protein levels of intratumoral chemokines; CXCL10 was reduced in siMITFtransfected tumors. In addition, CCL6, CCL8, CCL9/10, CCL12, CCL21, CCL22, CCL27, CCL28, CXCL1, CXCL9, CXCL11, and CX3CL1 were strongly reduced in siMITFtransfected tumors as compared to controls (Supplementary Figure  1D) .
MITF Overexpression in YUMM1.1 Melanoma Cells and In Vitro Immune Cell Migration
We next examined YUMM1.1 melanoma cells, a cell line derived from a genetically engineered mouse model characterized by BRAF activation as well as PTEN and Cdkn2a inactivation, which is considered to mimic characteristics of human melanoma [21] . YUMM1.1 cells express very low levels of MITF at baseline, which make them a suitable tool for MITF overexpression studies. We transduced YUMM1.1 cells with MITF (or GFP as a control) and confirmed overexpression of MITF by qRT-PCR (Figure 2A ) and Western Blot (Supplementary Figure 2B) . When analyzing chemokine expression in YUMM1.1 cells, we found that MITF overexpression had no significant influence on CCL2 expression (Supplementary Figure 2C) but particularly led to upregulated CCL5 and CXCL10 expression on mRNA (Supplementary Figure 2A) and protein levels ( Figure 2B ) as compared to control cells. This was paralleled by increased immune cell migration, specifically, of the lymphocyte populations such as CD8+ and CD4+ T cells, B cells, and NK cells, which was induced by supernatants of MITFoverexpressing YUMM1.1 cells ( Figure 2C) . No difference in migration was seen for DC and other CD11b+ myeloid cells (Supplementary Figure 2D) .
MITF Overexpression and Tumor Growth in YUMM1.1 Melanomas
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MITF in Human Melanoma Cells and Immune Cell Migration
We next sought to determine the role of MITF expression levels in human melanoma cells. We investigated WM8 and WM35 melanoma cell lines, both known to express intermediate baseline levels of MITF. This allows performing knockdown and overexpression studies within the same cell line. MITF knockdown was performed with siRNA and was confirmed by qPCR ( Figure 3, A and  B) and Western Blot (Supplementary Figure 3, A and B) . MITF knockdown resulted in an increased migration of peripheral blood mononuclear cells (PBMC), more specifically of CD56+ NK cells, towards tumor cell supernatants of both WM8 and WM35 cells ( Figure 3, A and B) . For WM8 cells, an increased migration of CD14+ monocytes towards tumor cell supernatant was observed ( Figure 3A ). There were no consistent changes in the migration of T or B cells towards MITF-silenced supernatants of WM8 or WM35 cells, with increased migration of CD4+ T cells in only 1 out of 3 experiments (Supplementary Figure 3, C and D) . MITF overexpression in WM8 and WM35 cells was confirmed by qPCR ( Figure 4 , A and B) and Western Blot (Supplementary Figure 4, A and B) . MITF overexpression resulted in reduced migration of CD14+ myeloid cells and CD19+ cells towards tumor supernatants (Figure 4, A and B) . When analyzing chemokine expression levels in WM8 and WM35 cells upon MITF siRNA knockdown or MITF overexpression, we found a comparable expression pattern in both tumor cell lines; MITF knockdown resulted in increased expression of CCL2; CXCL1; and, in WM8 cells only, of CXCL2, whereas levels of CCL15 and CCL19 were reduced in both cell lines. Vice versa, MITF overexpression mostly decreased expression of chemokines, e.g., CCL18, CXCL14, and CXCL16 ( Figure 4C ).
Discussion
We have analyzed the influence of MITF on melanoma cell chemokine expression and immune cell attraction. Unexpectedly, MITF was found to have opposing effects on chemokine expression in murine and human melanoma cells: In the murine cell lines, MITF knockdown resulted in reduced immune cell attraction, while MITF overexpression consistently resulted in increased immune cell migration. The exact opposite was observed in the human melanoma cell lines analyzed. We assume that this may be due to differences in genetic backgrounds, driver mutations of the melanoma cell lines, and diverging underlying mutations rather than to species-specific differences. Gene expression differences between murine and human melanoma cell lines have been described before [25] . For example, it is known that loss of PTEN, as for the YUMM1.1 cell line, mediates an immunosuppressive phenotype associated with decreased T cell infiltration [26] . Moreover, BRAF mutations have previously been reported to influence MITF transcription [27] . A more extensive analysis of different human and murine melanoma cell lines combined with an in-depth study of genomic mutations and their interactions with MITF will be necessary to answer the observed differences of human and murine melanoma cell lines.
Chemokine expression patterns and immune cell subtypes attracted to the tumor cells also differed between the murine and human melanoma models: murine cell lines mostly attracted lymphoid cell types, whereas human cell lines preferentially attracted CD14 + monocytic cells. This is in line with previous reports, according to which B16F10 tumors are marked by a dominantly lymphoid cell infiltration, whereas human melanomas induce migration of myeloid cells [17, 28] . Also in pancreatic cancer, different immune cell infiltrates in mice and humans have been reported: murine models are dominated by inhibitory myeloid cell infiltrates, while in humans, pancreatic adenocarcinomas T cells are highly prevalent [29] . Despite many conserved mechanisms and pathways, differences exist between the human and the murine immune system, including surface receptor expression, chemokine expression, and functional aspects of immune cell populations [30] .
Interestingly, only few chemokines were expressed on mRNA level in the two murine cell lines studied. Of those, only CXCL10 was considerably reduced in MITF-deficient B16F10 cells. Strikingly, CXCL10 and CCL5 were upregulated in MITF-transduced YUMM1.1 melanoma cells. These chemokines are known to recruit T and NK cells to tumors via CCR5 and CXCR3. In CXCR3-KO mice, B16F10 tumors have decreased infiltration with CD8 + T cells and reduced survival of mice [31] [32] [33] . Intratumoral CCL5 has also been reported to play a role in melanoma progression, with melanoma cell-intrinsic CCR5 expression [34, 35] . It would be interesting to further dissect the role of MITF-regulated expression of these chemokines in melanoma.
In the human melanoma cell lines investigated in this study, MITF siRNA knockdown led to an increased migration of CD14+ monocytic cells, whereas overexpression of MITF showed opposing effects. These findings are in line with a recent study reporting the recruitment of CD14+ cells into MITF low human melanomas [17] . In this study, murine MITF low cell lines showed a high infiltration with CD14+ myeloid cells linked to a high expression of CCL2, CCL5, and CXCL10. In contrast to our study however, MITF low cell lines were directly compared to MITF high cell lines, which did not allow for assessing acute changes of MITF levels within the same cell line. In our human melanoma cells, chemokine arrays showed an induction of CCL2 upon MITF knockdown, which is in line with current studies describing the CCL2-MITF axis as a component of the senescence-related secretome [12, 17] . We also observed increased levels of CXCL1 in MITF-knockdown human melanoma cells. CXCL1 is known to be critically involved in melanoma development, angiogenesis, and growth [36, 37] . MITF has been demonstrated to bind the CXCL1 promoter region in chromatin immunoprecipitation assays [38] .
In our in vivo models, we observed reduced numbers of T cells and myeloid cells in MITF-knockdown B16F10 tumors concurrent with higher tumor growth. Surprisingly, MITF-transduced YUMM1.1 cells also showed accelerated tumor growth, and we found decreased intratumoral immune cell numbers. This is in contrast to the observed increase in immune cell attraction to MITF-transduced YUMM1.1 cells in vitro. When analyzing intratumoral chemokine levels, we found these diverging from in vitro tumor cell chemokine expression: overall chemokine levels were lower in both MITFknockdown and MITF-transduced tumors. The opposing findings in vitro and in vivo for the YUMM1.1 cell line may be attributed to the tumor environment where, in contrast to cell culture, stromal and immune cells contribute to chemokine production. While we can clearly demonstrate in vitro how changes in MITF levels affect chemokine levels in and immune cell attraction to melanoma cells, the complexity of the tumor microenvironment in vivo seems to overcome the in vitro effects, at least in the YUMM1.1 model. Several explanations are possible for the discrepancy of our in vitro and in vivo observations: tumor-associated immune cells might contribute to a high extent to intratumoral chemokine levels and thereby influence the tumor microenvironment; interactions with the tumor microenvironment as well as the high growth rate might affect the biology of YUMM1.1 tumor cells in vivo, modifying chemokine secretion; or immune cell-mediated selective pressure might lead to the domination of MITF low tumor cells in vivo. These results shed further light on the discrepancies in the consequences of different MITF levels for patient's prognosis. While higher or lower levels of MITF might have opposing consequences on the melanoma cells themselves, the impact on the environment will differ as well, thus potentially compensating or reverting function of MITF levels on disease outcome. Our data clearly show that changes in MITF levels influence the tumor microenvironment by suppressing immune cell migration to or accumulation at the tumor site and, thus, leading to an increased tumor growth. This is of importance since BRAF inhibitors, which are currently used for melanoma treatment, influence intratumoral MITF levels [39] .
It is hard to define the exact role for MITF in shaping the immunological tumor microenvironment because of differing interactions with melanoma driver mutations in different melanoma cell lines (such as BRAF mutations, which are highly prevalent in human melanomas but only present in the YUMM1.1 cell line). Moreover, the kinetics of dynamic effects, as compared to stably decreased levels of MITF, may play a role in our knockdown and overexpression experiments. In our studies, we have both observed divergencies between in vitro and in vivo findings as well as divergencies between human and murine melanoma cell lines. We believe that melanomas of different origin, endowed with diverging underlying mutations and variable MITF expression at steady state, will react differently to transient changes in MITF levels. A detailed study of a higher number of different melanomas and their interactions with the immune system will be necessary to depict effects of MITF levels in different contexts. Nevertheless, our results show that MITF clearly influences chemokine expression and immune cell attraction in different murine and human melanomas.
Since the emergence of checkpoint blockade has revolutionized melanoma therapy in the past years [14, 40] it has become more and more important to understanding the factors which regulate melanoma immunogenicity and immune cell infiltration. Our study provides a first step to understanding how MITF might influence the interaction of melanoma cells with immune cells and might provide a basis for further therapeutic interventions in combination with targeted immunotherapies.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.tranon.2018.10.014.
